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Abstract

Study of moistureinduced wvelling strainin Pennsylvanian
Period rocks of the AppalachiafPlateau in WesWirginia
showsa 21 biaxial horizontal anisotropwhich trendsNW-

SE. Oriented ri-situ slabs of coal mine roofock were
collected across West Virginidry-sawed ¢ size, airdried to
stability, and then monitored for moisture changes and
deformations in the horizontal platleroughone wetting cycle
and dryingcycle. Biaxial swelling strains were exhibited in
nearly all rocks tested, with maximum horizontal deformations
occurringnormally-incident o the strike of regional geologic
fold structures. This relationship persists as fold strike varies
across the study area. A connection with Alleghanian fold
development and/orpostAlleghanian fold relaxation is
suggested.Deformationswere largestn shales, but occurred

in sandstones and siltstones as weliring testing, misture
induced fracture¢$MIF) developd parallelto theregionalfold
structureand rangel in size from hairline cracks to sample
destroying crackshat wereorthogonal to the observed biaxial
swelling strain direction. Preferential wettirgd svelling of
clay mineralsalong NE-trending fracturesrelated to a fold
parallel fracture fabric of regional extent across West Virginia,
is the most likely reasonfor the observedsystematic NW
oriented biaxial swelling strains

The testing methods used in this study are simple and
inexpensive angroduce robustesultsthat offer insight nto a
regional anisotropic mechanical weaknegisat imparts a
dynamic, asymmetrical horizontal stress to moisteesitive
coal mine roof roks over time. Because similarmechanical
fabric has been reportdéd Devonianageshales, these findings
may have implications for shale gas developers the
Appalachian Basin challenged by rapid aperture closure rates
along horizontalbydrilled induced fracture networks in
Devonian rocks like the Marcellu8hale The paper concludes
with an example ohow the concepbf a preferred swelling
strain directiom might be aplped to improve the effectiveness
of roof trusses

Introduction

When clay minerals inrocks adsorb moisture they expand,
creatingswelling strain andtressthat isseparate and distinct
from in-situ ground stressThis studytest aientedrock slabs

pulled from the mine roobf approximately twenty (20) West

Virginia coal mines operating in twel(&2) different coal leds
to quantify the horizontal componeoit strains associated with
the swelling stressesThe locations lad stratigraphigositiors
of testsamples appear in Figure dnd span most dlfie Upper
Carboniferous PeriodPennsylvanian Perigdranging fronthe
Pocahontas No. Zoal bed (Early Pennsylvanian}o the
Sewickleycoal bed (Late Pennsylvanian)
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Figure 1. Approximately 69 oriented roof rock samples
were pulled in-situ from underground coal mines across
West Virginia, ranging upward in age from the Pocahontas
No. 3 seam to the Sewickley seam

Pennsylvaniatage rocks of(286-320 million years)in the
central AppalachiarBasin are fluvial-deltaic succession®f
sandstone,shale and minor limestone The overall gentle
northwestward regional dip is interrupted by a number of
broad, operanticlines (Figure 1yvith limbs dipping generally
less than five (5§legrees andxestrending in a northeasterly
direction. InWest Virginia $ructural symmetry of these folds



extendgo deepesedimentary rocksncluding thewell-studied
gasbearingUpperDevonian(360-408 million yearsyocksthat
include theMarcellusShale Our test results showhat during
moisture adsqition, sedimentary Pennsylvanian rocks across
West Virginia respond with biaxial deformations that are
oriented NWSE (Figure 1) This trend is orthogonal
(approximately perpendicular)to a directional strength
anisotropywhich is aligned parallel t@anicline fold axes, and
imparts a NE-trending weakness anisotropyp moistre-
sensitive shale roof rocks.

This study has two purposes.First, to investigate the
possibility thathorizonta] moistureinduced swelling straim
sedimentaryrocks is related to the presedfy horizontal in
situ stressfield. Such a relationship haseen previously
reportedfor copperbearing Precambria@»600 million years)
sedimentary rocks the Michigan Bais (Parker, 1973; Fohey,
1976;Vermuelen, 2011)

The second pugse s to quantify, specifically, the horizontal
component of swelling strains which accompany moisture
changes in coal mine roof rockShales, in particular, undergo
relatively large volume expansions and contractions in

response to changes in moisture content, leading to progressive

unraveling and eventually roof failure Prior studies have
examined the problemvolumetrically and a few have
examined thevertical component of swelling strairfe.g.
Chugh, et.al.,1980Hakan and Peng, 2006)but no previous
work has examinedthe orientations and magnitudes of
horizontal swelling straimcrossWest Virginiausing oriented
samples. A distinct NW-SE oriented anisotropy has been
found and & example of bw knowledge ofthis anisotropy
may be put into practice to improve tbffectiveness of roof
trusses will beresented

Test Procedure

Experimentswere performedising a3-point rosettgprocedure
(Parker, 1973 20132012 Haas, 1982) for measuringthe
deformation of unconfined rock slabsusing a mechanical
strain gaige. Approximately 69 oriented roofsampleswere
collectedfrom underground mines throughoWest Virginia
between October 2011 and June 2012-situ oof samples
were collected as close to the active section gwactical

diameters of 11, 13, or liches,using a drymasonry saw.
Prepping thesampes in this way minimized rock spalling
during testingprovided a clear view of the bedding structure
before and during testing, amainimized the potential afock
shape to biathetest results.

Samples werair-dried at 3050% relative humidityand their
moisturelossesrecordedover the next B weekg(Figure 2)by
tracking weight changesing adigital scalewith +/- 2-gram
precision Roomhumidity levels vere monitored with digital
psychrometer ancegulated witha dehumidifier

Initial drying of roof sample PH-2 to a stable
"Pre-test" moisture content
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Figure 2. After sawing to sizetest samples were airdried
at 30-50% ambient relative humidity. Relative changes in
t he
change.

rockos moi sture content

Sample selection targeted rocks that were free of visible cracks Figure 3. Rock slabs werdirst marked for true north, then
or joints, and had not experienced a seasonal humidity cycle. (A) scaled from mine roofand (B) dry-sawed to standard

The minimum desired slab size was16 x 16 x 2 inches
although often larger slabs were pulled, from whsgveral
samples could be cut.Most samples were shal@though
sandstone and sdy shale samples were also tested

First, slals were markedfor true north using a Brunton
compass and doublglumb lines. Theywere then carefully
scaled downwrapped in ventilation curtajmnd transpded to
the lah where theywerecutinto octagonshaped samplewith

geometry. Spad pins were fashioned () by drilling a
1/16-inch diameter hole into the top andshank of finished
roofing nails, then (E) installed as an

rosetted arrangement into

After drying to a stable weightmonitoring pointswere
installedin a 3-point strain rosettarrangementat verticesA,
B, Cof a6-inch equilateral trianglewith Leg AB always being
aligned with true nortiiFigure 3) Theslabside with the most

equ-ptl ater al
each

t es



level surface was usually chosen to servettas side for
monitoring points (spad pinsyo samples tested upside down
had an inverted spad pin arrangement.

Spad pins were fashioned by drilling hole of 1/16inch
diameterthrough tle head and into the shanks of Btifich
finished galvanized roofing nails using a drill preEsggres
3C, 3D. A masonry bit and impadctrill were used tanount
the spad pins. Holes wee drilled normal tothe bedding,
usuallyto a deth of half the rock thi&ness to ensure the
spadsterminated neam common bedding plane. Pins were
trimmed for lengthandtheninstalled usingepoxy, turning and
pumping the pinsfor thirty secondseachto work out air
bubbles.

After epoxy cured 8hours or morebaseline measurements

were made between pins using a digital mechanical strain
gauge (Figure 4D. When used properly, this simple
instrumentis accurate to 10,000inch. The n ame
gaugeo ifsa mianonienbecause themeasurements

actuallyrecorda deformation from whichstrain is calculated,
and sibsequent masurements are relative to tingial baseline
readings. An invar steelab was used to calitate the strain
gauge and compensdt temperature.

Mechanical
_strain gauge

Humidty/
Temperature
meter

Eg

Oriented test samples are(A) placed in

Weigh scale

Scribe tool

Invar steel bar
(for calibration)

Figure 4.
containers where (B) they are covered with a wetted towel
then (C) covered by plastic sheets to restrict evaporation
Instrumentation includes (D) a mechanical strain gauge,
(E) temperature and humidity meter, (F)digital scale.

The method of introducing moisture to the samples was a
mediumweight cotton bath toweletted with @proximately
onehalf gallon of water and covered with a plastic sheet
limit evaporation(Figures 4B 4C). Thisallowed the samples

to take on moistureevenly and at their own ratavithout
saturating themEither aged water or discharge water from the
dehumidifier was used Two (2) tablespoons of vinegar per
gallon were added to retard mildew.If the presence of
carbonateminerals wassuspected in specimens hydrogen
peroxide was substituted for vinegar.

Horizontal, rock deformatios weremonitored at apropriate
time intervals, andredundant measurementgere madeto
verify accuracy. The strain gge waschecked before each
session, ath periodically during testing, using thevar steel
calibrationbar. Room temperature and humidity were tracked
with a digital temperature/humidity meter (Figure 4E) and rock
samples were weighed on a digital sdale 5-grams)to track
changes in moigte content (Figure 4F)Measurements were
recorded onstandard forms, together with the date, time,
humidity, tempeature, and visual observations. These data
werethenkeyedinto an Excel spreadsheet where temperature
correction (ASTM, 1999) and charting operations were
performed.

Sampleswere put through one wetting cycle, followed by one
air-drying cycle. The wetting phase took48 days (average
18 days)and was considered complete whan expansion
plateau was achievedCorresponding rockveight increases

ii giufe todnhoRture uptake rang€di2 to 3.91 percent(average

1.06 perceny (Figure 8) When rocks reached this point they
were removed from humidityandthe measurements continued
for an additional 50 days (average 23 days)til the samples
hadaird r i ed b ac kt & smoisiure dpproxinfately e
69 rock samplesvere testedof which 57 provided sufficient
datato compute oriented strain ellipses for moistunrguced
deformation in the horizontal plane (see Figure 8).

Summary of Test Results

Study and comparison of the compilettarts givesuseful
information about the horizontal swelling behavior. The
measured deformatien were generallyproportional to the
weight gain (moisture uptale but comparisons between
sample setshaved differences in the ratemagnitude,and
elastic responseSample sets for each mine radgeom 1 to 5
samples (averag®). An example ishown in Figure Svhich
took 451 hours to reach its full expansion atlatiee humidity
range of 7690% During this time the triangle legs a, b, and ¢
expanded by the amounts shownFigure 5A, as the sample
gained0.35% of its original weight in moisture (Figure 5B).
The sample was then allowed to-dily at 3050 %RH, until its
pre-wet moisture was achied, which occurred in this example
after an additional 348 hoursAs the moisture gain reverses,
the swelling gtin generally follows, but there were
exceptions.

Insights irno elastic response appéar-igure 5A which shows
that approximately 28 of the rock deformation did not
recoverafter airdrying to the starting (preest) moisture.This
is an example ofa residual horizontal deformation that
becomes the new starting point for the next humidity cycle.

When rock samples were temporarily remo¥exn humidity
for weighing, the surface evaporatiotended tohighlight and
revealsubtlefractures orrock surfacs that were notobvious



before wettingAs testing progresseid wasnaticed that these
cracks developedon sampleswith a dominant northeast
orientation(seeFigures 11, 13or examples)The significance
of these fracturewill be discussedater.
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Figure 5. (A) Oriented rock samples were put through one
wetting cycle and one drying cycle. Their2D horizontal
deformations were monitored atspad pins installed at the
vertices d an equilateral triangle (legs are dentified a,b,c).
(B) Corresponding changes in moisture content were also
monitored.  Approximately 69 series of charts were
compiled from over 16,000 measuremets for this study.

The actual amount and types of clay minerals in the test
samples were not measured, but samples were retained and
may be tested at a later date. Sandstone response showed les
correlation with moisture content than the shale samples.
While sandstones initially showed a correlation between rock
expansion and moisture increase, sometimes the expansions

Deformation measurements were convertedstrain ellipses
using equationderived fromU.S. Bureau of Mines research in
t he 4 @Bett @nd Duvall, 1967) thé summarized in
Figure 6. The solution is sometimes referred to a$itgmint
strain rosett® and we usedthose parametet® compileand
graph our strain statistics Excel.
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Figure 6. Equations for resolving the strain ellipse for
deformation between three monitoring pinsat verticesA, B,
C of an equilateral triangle (adapted after Obert and Duvall,
1967; Haas,1982)
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STRAIN ELLIPSE by rosette equations Strain Ellipse| Ellipse Axis
B (Obert and Duvall, 1967) A g 5 .
using Mechanical Strain Gauge (1/10,000inch accuracy) S Major _Minor | units
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ceased, and sometimes reversed, even as moisture uptakerigure 7. Example results of (A) measured deformations
continued. Sandstones have a greater porosity than shales, andyjong legs a, b, and ¢ tha{B) can beresolved to a strain

their aberrant expeion response compared to shale is
attributed to the permeability of sandstone samples we tested
being dominated by pores rather than microcracks. Shales on
the other hand appear to utilize the subtle-thfading
fractures and microcracks as conduits fiansmitting water

into the core of rock

ellipse using the 3-pt. strain rosetteequations, and(C) from
which the azimuth and strain along the major and minor
axes arereadily computed

Strain ellipss can beconstruoed atany selected point during
testing.  Typically, the reference point used for gtrai
comparison was athé end of moisture expansion. The



measured deformation in the example shown in Figurevas\
evaluated at the end of moisture expansion (804 handshe
calculated values for azimuth, deformatiand strain appear in
Figure 7C. Te resulting strain ellipse is shown Figure 7B.
The drain values were checked using an independent
geometrical solution developed for this project and found to be
in close agreement.

|HOR ZONTAL SWELLING STRAIN from MOISTURﬂ
Sample Swelling Strain (in./in.) | € nay | % H20
Location Rock Type | n | MAX | MIN | Ratio |Bearing| Gain
1 Med.-gr. SS; Micaceous, burrowed 2 0.0005 0.0004 14 N44W 117
S with siderite cement 2 0.0006 0.0003 22 N78W 0.12
3 Med.-gr. 5S; micaceous 3 0.0008 0.0005 16 NS5S1W 0.57
4 Dark gray shale w/siderite bands 3 0.0010 0.0006 1.7 N78W 0.27
5 Fine gr. 55 w/ siderite bands 3 0.0010 0.0006 18 NA4ASW 0.63
6 Gray shale 3 0.0013 00006 20 N4SW 031
7 Cannel bone 2 0.0016 0.0012 1.3 N4OW 1.09
8 Dark gray shale 3 0.0016 0.0009 1.8 N54W 043
9 Gray silty shale / gray 55 3 0.0018 0.0010 19 N36W -
10 Dark gray shale 2 0.0019 0.0010 19 N39W 045
11  Darkgrayshale 4 0.0020 0.0011 18 N69W 038
12 Darkshale 2 0.0028 0.0019 15 N37wW 154
13 Light gray shale 1 0.0029 00018 16 N47W 161
14 Gray shale 5 0.0030 0.0017 1.8 N44W 0.63
15 Gray shale 3 0.0034 0.0023 15 N47W 177
16 Dark gray shale 3 00043 0.0021 20 N4OW 1.14
17 Dark gray shale 1 0.0047 00026 18 NI16W 1.08
18 Dark gray shale 4 0.0054 0.0025 2.2 NA4ASW 1.26
19 Soft gray shale 2 00076 0.0040 19 N53W 142
20 Gray shale; soft, soapy 3 0.0117 0.0048 24 N34W 391
21 Dark gray shale w/ FeCO3 nodules 3 0.0121 0.0041 3.0 N39w 133
57 AVERAGE 1.9 1.06
IN-SITU EXCESS HORIZONTAL STRAIN (1) Also called “excess
B Tectonic horizontal strain in Central Appal. (1) horizontal strain,” calcu.lated
from the measured horizontal
n HI- MAX | HI-MIN | LO-MAX | LO-MIN stresses by removing the
12 0.000760 0.000410 0.000370 0.000170 expected effects of gravity
(assumes 0.25 value for
0.0008 0.0004 0.0004 0.0002 Poissons Ratio).
(rounded to 4 significant digits) Ref.: Dolinar, (2003)

Figure 8. Test results summarizing (A) horizontal strains
from moisture-induced rock expansion, compared to (B)
the in-situ tectonic component of horizontal strain €xces

horizontal strain) in the fihigh-straind  z o rihe Centfal

Appalachian basin(Dolinar, 2003)

Test results (Figure 8A) show that the swelling straans
biaxial, with the ratios of the ellipse axes ranging frb®to
3.0(average 1.9). Interestingly, all test locations demonstrated
northwestoriented biaxial strains. Sandstones exhibited the
smallest horizontal swelling strains, with major axes between
500 and 1,000 micro-strains 0.0005 to 0.0010 inch/inch).
Shales ehibited the highest horizontal swelling strains,
typically 2,000 to 8,000 micrstrains, with one shale sample
sethaving a swelling of2,100 micro-strains. For comparison,
4,000 micrestrains over a 2ft.-wide mine opening would
produce nearly 1 inchfdorizontal rock expansion.

Compared tostrains associated withorizontal insitu rock
stress reported for theppalachian BasirfDolinar, 2003) our

swelling strainsare nontrivial. Figure 8Bdetaik previously
publishedv al ues of ffexcess hori
Appalachian RegiofDolinar, 2003), calculated frormeasured
horizontal stresses by removing the expected effects of vertical
load. Thesén-situ rock stressearesome of thenighestvalues

in the Appdachian Basin, yetheir strainswere lesghan the
horizontal swelling strains & measured due tonoisture
changes This does not imply thathe swelling stressis
greater, however, because wetted roldse strength, so the
elasticmoduli are differen{ChughandMissavage, 1981)

Cause of the Biaxial Swelling Strains

Relationship to Insitu stress

Contrary toinitial expectations, the direction of moisture
induced horizontal swelling straindoes not appear to be
correlated tothe horizontal stress fieldhat exists in West
Virginia today(Figure 9. Insteadjt appeasto berelated to an
earlier stress field that existed during the early Alleghanian
Orogeny when NW compressionitiated development of the
regionalNE-trendinganticline fdd structuresn West Virginia
(Figures 1, 12)
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Figure 9. There is no apparent correlation between

horizontal swelling strains in PennsylvanianPeriod rocks
and the present insitu horizontal stress field in West
Virginia.

Previous conclusions bMlichigan researcher@Parker, 1973;
Vermuelen, 2011f a parallelism betweehorizontal swelling
strain direction andcontemporary stress direction morthern
Michigan Basin Precambriasediments may be explained by
the comparatively quietsubsequentectonic history for the
northernMichigan Basinfrom then to preserday. The stress
field remains aligned in the same NW-SE compression
directionsince its inception (Vermuelen, 2011, Parker, 1973)
In contrast, Pennsylvanian rocks in West Virgihiae been
subjected to multiple subsequentepisodes of tectonic
deformation,including a generalcounterclockwise rotation in

zont a



the stressfield orientation after initial fold development Major coal cleat trends across W#&Srginia are predominantly

(Evans,1994) Consequently, he stress fieldresponsible for oriented NWSE, normal to regional fold axesd parallel to
the NW-trending biaxial swelling straidevelopmentasbeen horizontal swelling strain There is an exception that includes
overprinted explaining the lack of a generalcorrelation to a single contiguous aredoag the Allegheny Structural Front
preserddayin-situ stress in West Virginia in Domains 6, 7, and the eastern pdr2pwherecoal cleats

strike predominately ENEand are seemingly correlatedth
Relationship to Coal Cleat todayos hor i z (Figurea9) bus this maybe f i el d

Coal cleat orientation is indirectly related to swelling strain  coincidental (Engelder and Whitake?006). The ENE coal
direction, but with exceptions. As shown in Figures 10A and cleats of Morrowarage coal bedssée Figure Lsituated along
10B the trends of coal extension fractures (face cleats) are the Allegheny Structural Fronare believed to prdate
divided into seven (7) domains in West Virginia (Kulander and  Alleghanian fold developmer{Engelder and Whitaker2006)
Dean, 1993). Each domain has a major cleat trend and, Wwe s t V 5 NEtiendingarégional folds developatex,
sometimes, a minocleat trend. The dominant, major cleat  andtheir anticline fold axegFigure 12)appear athe common
trends are likely the firsormed (Kulander and Dean, 1993),  denominator betweetthe orientationof remainingmajor coal
and their strike is in the direction of maximum horizontal stress ¢leats and orientation of themaximum horizontal swelling
at the time formed. strainwest of the Allegheny Front

Relationship toRegional Anticline FoldAxes

The trends of maximum horizontal swelling strain in our
dataset appear to be normalgident to anticline fold axes,
and this relationship persists as fold strike varies across the
study area (Figure 12). Regional fold axes developed during
the early parof the Alleghanian Orogeny when the horizontal
stress field was oriented NW. A relationship to this earlier
stress field is suggested, either as 1) an artifact of residual
Alleghanian stress, or 2) peAtleghanian stress unloading and
relaxation.

Figure 11. Examples of NE-trending cracks observed
during moisture adsorption.

This relationship extends to the NiEending fabric of tensile

Figure 10. (A) Coal cleat trendsare divided into seven (7) weakness that was mentioned earlier (see Figure 11). The
domains of similar orientations (Kulander, and Dean, 1981, moistureinduced fractures that developed in abou25 our
1993). (B) When generally compared to thetrends of test samples in West Virginia (predominantly shale rocks)
horizontal swelling strains in coal mine roof rocksthey are always trendd northeast. Some samples failed along these
similar, except for Domains 6,7, and part of 2 cracks, spoiling the results for strain measurement. These

fractures were not discernible in the rocks until they began to
take o moisture during testing.



